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SECTION  I 
INTRODUCTION 


1.1  PROGRAM  DESCRIPTION 


Dome  polarization  characteristics  have  previously  been  studied  by 
others^,  but  only  in  the  context  of  narrow-band  radar.  Investigation  was  made 
of  the  effects  of  array  scan  for  various  scan  expansion  factors  K,  with  primary 
attention  directed  to  the  polarization  transfer  characteristics  of  the  dome  for 
linearly  polarized  plane  waves.  The  study  concluded  with  an  outline  of  feed 
networks  suitable  for  generating  diverse  polarizations,  presenting  loss  budgets 
and  relative  costs  for  particular  networks. 

When  dome  configurations  are  considered  for  other  applications,  it 
is  necessary  to  understand  their  polarization  characteristics  more  fully.  In 
particular,  functions  such  as  ESM,  ECM,  and  communications  required  wider  bands 
than  the  usual  radar  requirements  studies  by  Sperry.  The  implementation  of  polar¬ 
ization  agility  using  multibeam  feed  arrays  requires  consideration  of  the  following 
factors : 


1.  Hotli  l  hi*  dome  and  I  e<*d  urra>  must  contain  clement  types 
capable  ol  covering,  octave  or  greater  bandwidlhs.  This 
forces  electrically  dense  arrays  in  the  lower  half  of  the 
band.  Special  attention  must  be  given  to  the  Light  element 
coupling  in  both  the  feed  array  and  dome. 

2.  The  feed  and  polarization  networks  must  be  wide  band. 

3.  Polarization  interactions  between  the  feed  array  and  dome 
must  be  reexamined  in  the  context  of  large  bandwidth  and 
high  element  density. 

4.  Rapid  polarization  agility  is  imperative  in  the  EW  context, 
and  represents  an  important  topic  for  study. 


1  "Dome  Antenna,  Phase  tl  final  Report,”  Sperry  Gyroscope  Division, 
Great  Neck,  NY,  Nov.  1972,  Report  No.  SGD-42U 1-OS 70  (SECRET) 
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1.2 


3-D  DOME  POLARIZATION  STUDIES 


1.2.1  INTRODUCTION 

The  3-D  dome  allows  wide-angle  scanning  over  regions  exceeding  a 
hemisphere.  Feed  arrays  for  dome  applications  are  simplest  if  they  provide  a 
fixed  linear  polarization.  However,  for  such  feed  arrays,  whether  flat  or  curved, 
the  polarization  incident  on  the  dome  will  vary  with  azimuth  direction,  resulting 
in  scan-dependent  polarization  characteristics.  For  example,  a  linearly  polarized 
feed  array  consisting  of  dipole  elements  will  provide  vertical  polarization  lor 
the  plane  containing  the  dipole  axis,  and  horizontal  polarization  for  the  ortho¬ 
gonal  plane.  For  intermediate  azimuth  positions,  the  polarization  will  still 
be  linear,  but  rotating  from  vertical  to  horizontal  and  back  again  as  azimuth 
angle  is  varied.  This  situation  may  be  circumvented  by  employing  circular 
polarization  in  the  feed  array,  but  this  solution  is  restrictive  and  successful 
only  if  polarization  purity  is  maintained. 

In  general,  system  designs  employing  dome  antennas  require  some  speci¬ 
fic  polarization  over  the  operating  hemisphere.  Furthermore ,  modern  systems  are 
increasingly  turning  to  polarization  agility  to  accomplish  their  goals.  Both 
situations  require  that  the  feed  array  be  capable  of  providing  multiple  polariza¬ 
tions,  perhaps  with  high  switching  rates  between  the  various  polarization  states. 
Previous  analyses  have  shown  that  the  dome  will  transmit  any  incident  polarization 
with  essentially  no  change.  The  burden  of  providing  polarization  agility  is  there¬ 
fore  placed  on  the  feed  array. 

One  technique  for  generating  multiple  polarizations  employs  a  crossed, 
linear-array  element^  fed  with  some  appropriate  polarization  selection  circuit. 

Many  crossed  (dual)  linear  elements  may  be  employed,  including  crossed  dipoles, 


2  This  approach  was  used  in  one  Sperry  dome.  See  Final  Technical  Report, 
"Hemisphere  Coverage  Antenna",  Contract  DAAK  40-74-C-0334,  Nov.  1978 
(Confidential  report). 


crossed  slots,  square  or  circular  waveguide,  etc.  For  this  study,  the  crossed 
slot  was  selected  as  representative  of  the  polarization  characteristics  of  dual 
linear  elements  in  general.  An  analysis  has  been  conducted,  with  the  results 
programmed  for  computer.  Computations  of  polarization  state  over  the  forward 
hemisphere  have  been  conducted  for  the  element  excited  to  produce  right-hand 
circular  polarization;  the  analyses  and  computed  results  are  presented  below. 

A  discussion  of  the  feed  circuits  capable  of  generating,  multiple  polarizations 
is  reserved  for  a  later  section. 

1.2.2  ANALYSIS 

Figure  1  shows  a  single  slot  element  in  the  xy-plane  with  all  para¬ 
meters  indicated.  The  electric  field  amplitude  pattern  for  a  single  slot  in  an 
infinite  ground  plane  is  given  by  Kraus^  as: 

E  =  cos  [ ( n/2 ) (cos  a)]  ( 1 ) 

sin  a 

where  u  is  the  angle  between  the  slot  axis  and  the  ray  01’  to  the  tar-field  point. 
Expressing  the  slot  pattern  In  terms  of  spherical  coordinates  (0,  4>) ,  4>  ’ 
denotes  the  inclination  of  the  slot  relative  to  (p  =  0°,  and  the  unit  vector  in 
the  direction  of  the  slot  axis  with  orientation  is  given  by: 

aj  «  a^cosfi'  +  a^sinp'  (2) 

To  represent  a  crossed-slot  element,  we  required  a  second  slot  oriented  90  degrees 
relative  to  the  first.  For  the  second  slot,  the  unit  position  vector  is  given  by: 

a2  “  a^sin<J>'  +  a^cos<f>'  (1) 


3  Kraus,  J.D.  Antennas.  IlcCraw-lliil  Hook  Co.,  1950,  p.  358 


Equation  (6)  may  also  be  obtained  from  (5)  by  letting  <J>* 


<t>'  +  90°. 


We  must  now  determine  the  components  of  E  in  the  9  and  f  directions. 
The  procedure  consists  of  finding  the  angle  (or  cosine  of  the  angle)  between  the 
electric  field  vector  at  the  far-field  point  P  and  the  0  and  $  directions  at 
that  point.  The  direction  of  the  electric  field  at  a  point  in  space  is  given  in 
principle  by  projecting  the  vectors  a"j  and  a^  (coincident  witli  the  slot)  onto  the 
tangent  plane  at  the  point,  rotating  the  vector  90  degrees  (polarization  property 
of  a  slot),  and  finding  the  angle  between  this  vector  and  the  0  and  if  directions. 
This  is  most  readily  accomplished  by  finding  the  components  of  ITj ,  a"T  along  the 
9  and  4>  directions  (inasmuch  as  iTg  and  a ^  are  orthogonal  vectors  in  the  tangent 
plane),  and  working  with  these  components. 

The  unit  vectors  in  the  0  and  4>  directions  are: 

ag  =  a^cos  9  cos  f  +  i^cos  9  sin  f  -  sin  9  aT) ,  and  (7) 

a^  =  -a^sin  <J>  +  a^cos  <p.  (8) 

then,  i  he  components  ot  aj  and  a_>  In  l  lie  t)  anti  f  directions  are: 

=  -sin(  *  -  4>*  )  , 

a-!  •  ag  =  cos  0  cos(f  -  if'), 

02  •  a"^  =  cos(f  -  f'  ) ,  and 
a2  •  ag  =  cos  9  sin(f  -  <f'). 

The  resultant  vectors  in  the  tangent  plane  are  written  as: 

Sy  =  -a"^sin(f  -  f'  )  +  agcos  0  cos  (if  -  if'),  and 

Sj  =  SJcosU  -  if' )+  agcos  0  sin(f  -  f'). 

A  positive  90-degree  rotation  ol  each  vector  is  required  to  account  tor  slot 
polar  ir.ut  ion.  This  gives: 

S |  *  =  -a^cos  9  cos(f  -  f '  )  -  a"gsin(f  -  f '  ) ,  and  (9) 

So'  =  -.yos  <>  sin(f  -  f '  )  +  age  os  (  f  -  f').  (ill) 
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The  cosine  of  the  angle  between  S^'  and  ag  is: 


cos  3  =  -sin(  <j>  -  .)>' )  ^ 

\/ s  in^(  4>  -  )  +  cos  2  0  cos  4>  -  tf> *  )  (11) 

While  the  cosine  of  the  angle  belueen  S^,  and  a  ^  becomes: 

cosy  =  _ ~cos  8  cos(  4)  -  <j>*  ) _ 

^  vsin^(i|i  -  <t>’ )  +  cos^  0  cos^(  i|>  -  4>' )  (11) 

Similarly  for  S21  we  have: 

cos82  -  —  . - 1 t'-l . . .  ,  and 

n/  cos^(  <(>  ~  <{>')  +  cos^  0  s  1  n  ^  ( d>  -  4>'  )  (13) 


cosYy  =  ~COM  ^  sin(  $  ~  ft'  )  . 

\J cos^(i))  -  <J>'  )  +  cos^  0  sin^it1  ~  <£'  )  (Is) 

Using  these  results,  the  Eg  and  E$  components  of  the  far  field  are: 

E0  =  Et  cos0L, 

,:02  =  1-2 

E g ^  =  Ej  cosY[,  and 

Kq  =  h'2  cos  yy. 

The  total  field  is  given  by  (+i  for  phase  quadrature  between  slots): 

Eq  =  E |  cosS^  +  iE2  cos62»  anc*  (15) 

Eq  -  Ep  cosyp  +  iE2  cosY2-  (lb) 

2 

The  magnitudes  of  Eg  and  are  the  Linearly  polarized  field  patterns  ot  t Ho 
c rossed-slot  antenna  in  an  infinite  ground  plane. 


< . 


1.2.3 


REPRESENTATION  OF  POLARIZATION  STATE 


The  circularly  polarized  fieLd  from  the  crossed-slot  element  may  be 
represented  as  the  sum  of  two  oppositely  rotating,  circularly  polarized  waves. 
From  Jordan  and  Balmain^  we  have: 


Er  =  1/2(E$  +  iEe),  and 

(17) 

Eg  =  l/2(E,j)  -  iE8), 

(18) 

where  ER  and  E^  are  right-hand  and  left-hand  circularly  polarized  waves,  respec¬ 
tively.  The  polarization  factor  is  defined  as: 

0  =  St,  =  tor  ( 

eL 

where  Ej,  =  A^e^R,  E(  =  A^e^L,  so  that  I Q I  =  AR/A(  and  f,  =  £L  -  £R. 

In  terms  of  the  quantities  derived  previously,  the  field  components  are  written 
in  general  terms  as: 


E0  =  E0r  i  E0i»  aad  (20) 

E*  =  E#  +  E+1,  (21) 

where  r  and  i  represent  real  and  imaginary,  respec t  ive  ly .  The  choice  of  plus  or 
minus  sign  depends  on  the  choice  of  right  or  left-hand  circular  polarization  for 
the  element. 


4  Jordan,  E.C.,  and  K.O.  Balmain.  Electromagnetic  Waves  and  Radiating  Systems, 
2nd  ed.,  Prent ice-ilal  1 ,  L968,  pp.  459-462. 
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For  this  investigation,  the  Cl’  sense  Is  arbitrary,  so  we  choose  +i  for  right-hand 
circular.  Substituting  (20)  and  (21)  into  (17)  and  (18)  and  recombining  terms 
gives : 

Er  “  l/2[(K$r  "  K0i)  +  +  K 0r )  ] ,  and 

Ktj  =  l/2[(K^r  +  K0i)  +  i (K -  E0r)l. 


notation 

of  .Iordan  and 

Ha  Ima  in : 

Ak  =  1/2  ’ 

\J('h<S>r  ~  * ‘ 0 i  ^ 

+  <K*i  + 

\2 

>'•0,-7  » 

\L  =  1/2  1 

\JlHr  +  K0i>2 

+  (E*l  - 

K0r)~  ’ 

h  =  tan 


r.i  =  tan 


,:d>i  +  K0r 


4>r  -  E()i 


4>i  +  K0r 
*"•  «|>r  -  *’•  0  i 


,  and 


Q  is  then  given  as: 


A  e^L 

v1|r 


Aj  *l«L  -  «R> 


with  values  of  A  and  7,  given  by  equations  (22)  through  (25).  The  axial  ratio  is: 

1  +  l()l  (  >(,\ 

AK  =  -  , 

I  -  lol 


:■  -+J. .star'  •* 


with  the  tiLt  angle: 


=  l/2(f,R-f,L)  +  mu.  (27) 

Tin*  axial  ratio  is  defined  to  give  a  value  AR  >  l,  while  iji  is  measured  from  the 
local  vertical. 

1.2.4  RKSULTS 


Cross-slot  polarization  computations  were  made,  with  polarization 
state  presented  as  a  function  of  elevation  angle  tor  several  azimuth  ( <J>)  plane 
cuts . 


The  vertical  polarization  component  is  nearly  constant  as  a  function 
of  0,  while  the  horizontal  component  varies  approximately  as  the  cosine.  For 
0  =  90  degrees,  the  horizontal  (Ka)  polarization  component  vanishes  along  the 
infinite  ground  plane,  leaving  only  vertical  linear  polarization.  This  behavior  is 
shown  in  Figure  2,  which  is  fairly  typical  of  all  $-plane  cuts.  Kq  and 
tield  amplitudes  obviously  diverge  greatly  for  large  values  of  0,  giving  rise  to 
large  axial  ratios. 

Axial  ratio  data  are  summarized  in  Figure  9  as  a  function  of  elevation 
angle.  The  curve  lor  <{>  =  4'>  degrees  corresponds  to  l  lu1  crossed-d  i  po  le  data  I  ound 
in  the  Microwave  engineer's  Handbook'’.  Note,  however,  that  the  axial  ratio  in  4> 
planes  containing  the  slot  axes  are  worse  than  the  handbook  values  by  as  much  as 
2  dll.  For  any  fixed  value  of  0,  the  axial  ratio  varies  between  the  limits  indi¬ 
cated  in  the  figure. 


’>  Sand ,  T.S.,  ml.  ,  Microwave  Inig  i  nee  rs  Handbook,  Vo  I  .  7.  Artech  House,  Inc., 


The  V/ II  ratio  Is  always  positive,  indicating  that  vertical  polariza¬ 
tion  is  dominant  throughout  the  hem i spin- re.  In  tact,  the  tilt  angle  (and  thus 
the  major  axis  of  the  polarization  ellipse)  ranges  between  +b  degrees  about  local 
vertical  as  0  and  $  are  varied.  Because  of  this,  the  axial  ratio  and  the  V/ll 
ratio  are  very  nearly  equal  everywhere,  and  are  exactly  equal  for  $  »  4b  degrees, 
where  i Ji  =  0  degree .  This  result  also  indicates  that  the  dome  po  l.ir  i /at  ion  is  now 
Independent  ot  azimuth  angle.  The  teed  array  polarization  ellipse  is  always 
oriented  with  the  major  axis  essentially  vertical  lor  .til  values  ot  j>,  even 
though  the  axial  ratio  may  become  very  large  for  values  ot  0  approaching  90  degrees. 
A  review  of  the  data  shows  that,  for  all  values  of  $,  the  feed  array  polariza¬ 
tion  is  essentially  circular  from  zenith  to  0  <  t>0  degrees,  becoming  vertical  tor 
0  7lt  to  90  degrees  (the  teed  array  groundplane )  • 

Kor  0  =  0  degree  and  any  value  ot  j>,  the  tilt  angle  i(<  is  not  del  ined. 

At  0  =  0  degree,  Lite  computer  program  provided  values  equal  to  p/ 1  which  are  not 
s ign l t leant . 
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SUCTION  II 

FKKI)  ARRAY  HARDWARK  INVUSTICATION 


2.1  LLttlENT  TRADKOFF  AND  SLLFCTION 


Feed  array  elements  capable  of  providing  polarization  diversity  over 
octave-plus  bandwldths  oftei  a  significant  design  challenge.  Several  existing 
elements  are  potential  candidates,  and  performance  characteristics  must  be  ex¬ 
amined  closely  tor  teed  array  geometries.  The  maintenance  of  prescribed  arbi¬ 
trary  polarization  states  will  require  a  precise  control  of  the  element  polari¬ 
zation  in  the  array  environment,  ''element  polarization  will  be  determined  by 
impressed  excitations  and  element  interactions  in  the  feed  array.  The  high 
element  densities  in  the  lower  portion  of  the  band  produce  very  tight  element 
coupling,  which  must  be  controlled  to  provide  optimum  performance.  Analyses*1 
anil  tests  of  tightly  coupled  elements  have  previously  been  conducted  at  Raytheon 
KSl)  for  linear  arrays. 

At  Ibis  time,  it  appears  that  an  element  capable  of  generating  dual, 

orthogonal,  linear  polarizations  will  provide  best  performance.  Kxisting  elements 

with  a  high  degree  ot  physical  and  electrical  symmetry  appear  to  offer  the  best 

chance  of  compensating  tor  mutual  coupling  effects  with  scan.  One  such  dual- 

polarized  element  which  has  been  studied  at  Raytheon  consists  ot  two  orthogonal, 

st r t pi  ine-f ed ,  tape  red-notch  elements. ^  Another  potential  candidate  recently 

studied  Is  a  broadband,  crossed-s lot  element;  i.e.,  pr 1 nted-s L r ipl ine  slot  with 
»• 

balanced,  symmetrical  teed  lines. 


b  Ludwig,  A.C.  "Mutual  Coupling,  Cain  and  Directivity  of  an  Array  of  Two 
Identical  Autenns."  I KKK  Trans  AP-24,  Nov.  197(>,  p.  837. 

7  Lewis,  L.K.,  M.  Fassett,  and  .1.  Hunt.  "A  broadband  Stripline  Array  Klement." 
1974  IKKh/Al’-S  I  nternat  i  ona  1  Symposium  Digest,  Tune  10-12,  1974,  Atlanta,  l.A, 
pp  333-337. 


A  third  candidate  is  the  "quad-r idge"  waveguide  element*1  using  cither 
circular  or  square  waveguide.  Higher-order  modes  may  limit  the  bandwidth  with 
tills  element  to  less  than  an  octave;  in  addition,  it  will  be  more  expensive  to 
fabricate.  On  the  plus  side,  the  quad-ridge  element  should  limit  mutual  coupling 
and  prevent  some  types  of  surface  wave  modes  which  occur  in  other  elements,  such 
as  the  printed  notch. 

An  investigation  of  square  quad-ridge  waveguide  elements  is  currently 
being  conducted  in  .1  Raytheon  internal  development  program.  Orthogonal,  printed- 
notch  elements  were  selected  for  exper i men l a  1  i nvesl i gal i on  on  this  prog, ram. 

The  bases  for  selection  are:  (1)  prior  work  which  indicates  that  wide-scan, 
octave-bandwidth  performance  for  dual  polarizations  should  be  possible;  and  (2) 
the  relatively  inexpensive  fabrication  of  large  arrays  which  would  result. 

Two  versions  of  orthogonal  printed-notch  elements  were  fabricated 
and  tested.  The  results  are  described  below. 

2 . 2  CROSS tlll-NOTCH  A RRAY 

The  stripline  c rossed-noleh  element  was  selected  for  hardware  evalua¬ 
tion  as  the  most  likely  to  meet  the  requirements  for  the  3-D  Done  Feed  Array. 

This  choice  was  based  on  a  knowledge  of  the  scan  and  wide-band  capabilities  of 
linearly  polarized  notch  arrays,  and  an  indication  from  previous  work^  of  suc¬ 
cess  in  integrating  two  notch  elements  orthogonal  to  one  another  to  achieve  L lie 
required  polarization  agility. 

8  (Hie n ,  C.C.  "Quadruple  Ridge-Loaded  Circular  Waveguide  Phased  Arrays," 

IKKK  Trans,  Vol  AP-22,  May  1974,  pp  481-483. 

9  Lawrence,  K.L.,  and  .1.  I’ozgay.  "Broadband  Antenna  Study,"  Report  AK  CRL-TK- 
73-01  78.  Raytheon  Co.,  Bedford,  HA,  March  197S. 

Houser,  C.,l.,  al.  "Closely  Spaced  Orthogonal  Dipole  Array,"  II. S.  Patent 
3,836,970,  17  Sep.  1974. 


Two  or  lout  .it  ion  i-onf  ignrat  ions  ot  Liu*  nr thogona  1  notches  wore  pur¬ 
sued  in  parallel  within  the  developmental  etlort  on  this  project.  These  were 
the  noncolncldent-crossed-notch  (NCN)  geometry,  and  the  colncident-crossed-notrh 
(CCN)  geometry.  The  two  configurations  are  shown  in  figure  4. 

Fifteen-element  linear  arrays  in  both  the  NCN  and  CCN  geometries 
were  fabricated  and  tested,  both  arrays  were  designed  to  have  intra-element 
spacing  of  0.5  X  at  S.'S  GHz.  Both  element  configurations  developed  here  can 
operate  In  a  two-dimensional  array  geometry. 

The  CCN  array  has  the  advantage  of  coincident  phase  centers,  resulting 
from  physical  centering  of  the  orthogonal  elements  in  the  same  place.  For  a  linear 
array,  this  geometry  is  symmetrical,  and  lends  itself  to  symmetrical  patterns.  The 
NCN  array  has  a  possibility  of  greater  electrical  independence  between  the  verti¬ 
cally  polarized  (VP)  and  horizontally  polarized  (HP)  elements,  resulting  from  the 
greater  physical  separation  between  the  two.  This  could  result  in  improved  per¬ 
formance  for  the  NCN  array. 

Kach  array  has  about  an  octave  bandwidth  over  which  its  performance 
is  satisfactory  —  4.'>  to  9.25  GHz  for  the  lb-element  NCN  array,  and  J./5  to  / .  '> 
GHz  for  the  15-element  CCN  array.  The  estimated  directivity  for  the  CCN  array 
element  is  shown  in  Figure  5. 

2.5  LINEAR  NOTCH  ARRAY 

The  first  step  taken  in  the  hardware  generation  was  the  fabrication 
of  a  15-element,  horizontally  polarized,  linear-notch  array.  Figure  6  is  a  photo¬ 
graph  of  tin  array.  The  element  design  followed  the  guidelines  of  reference  I. 
Figure  7  details  the  geometry  ol  the  array.  A  50-ohm  stripline  feed  is  tapered  to 
(>/  ohms  at  the  notch  teed  point.  The  printed-circuit  substrate  is  Duroid  58bl), 
which  has  a  dielectric  constant  of  2.22.  The  stripline  dielectric  thickness  is 
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Figure  6.  Photograph  of  Horizontally  Polarized, 
Linear  Notch  Array 
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figure  7,  Notch  Array  Element  Geometry 


The  array  performance  was  optimized  over  the  3.0  to  9.28-Gllz  frequency 
band.  All  data  incLuded  here  were  taken  on  the  center  array  element.  Represent¬ 
ative  azimuth  imbedded  element  patterns  are  shown  In  Figure  8.  The  azimuth  3-dll 
beanwidth  is  equal  to  or  greater  than  110  degrees.  The  azimuth  patterns  do  have 
some  "lumps,"  and  it  should  be  noted  that  the  3-dB  beamwidth  point  was  selected 
at  the  angle  at  which  the  power  is  down  3  dB  from  broadside,  and  continues  to  be 
down  3  dB  for  all  larger  angles. 

Figures  9  and  10  shown  the  passive  VSWK  and  active  VSWK  for  O,  40,  and 
bO-degree  scan  angles  as  plotted  on  an  automatic  network  analyzer.  Passive  VSWK 
is  less  than  2.b,  and  active  VSWK  is  less  than  3  out  to  a  bl)-degree  scan. 

The  test  array  was  fabricated  witli  an  adjustable  ground-plane  spacing 
which  was  optimized  at  a  distance  of  0.8  inch  from  the  antenna  face. 

The  elevation  patterns  and  measured  gain  of  this  array  are  of  interest 
in  establishing  the  estimated  gain  of  the  dual-polarized  array.  In  its  present 
configuration,  it  does  not  truly  reflect  the  two-dimensional  array  geometry.  The 
elevation  patterns  shown  in  Figure  11  are  quite  regular,  as  would  be  expected  from 
vertical  trough  stripline  elements.  Measured  gain  of  the  horizontally  polarized 
linear  array  is  shown  in  Figure  12. 
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Figure  8 


Repress mat ive  Embedded— K lement 
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Figure  9.  I’.issivr  VSWK  .is  .1  Kune  ti  mi  ol  Krenuomv 
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Measured  (Iain  of  Horizontally 
Polarized  Linear  Array 
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NONCOINCIDENT -CROSSED-NOTCH  (NCN )  ARRAY 


2.4 


Vertical  elements  were  next  placed  between  the  horizontal  elements 
to  achieve  the  NCN  configuration.  Figure  13  is  a  picture  of  the  completed  array. 
The  vertically  polarized  (VP)  element  design  was  identical  to  that  of  the  hori¬ 
zontally  polarized  (HP)  element  design  (Figure  7),  which  is  a  desirable  feature 
for  extension  to  a  two-dimensional  array. 

Embedded  element  patterns  and  gain  and  impedance  measurements  were 
taken  every  0.25  GHz  from  3.0  to  9.25  GHz.  These  data  suggest  that  the  array 
performance  is  good  in  the  4.5  to  9.25-GHz  frequency  band  over  the  scan  volumes 
cited  below. 


Figure  13.  Photograph  of  Noncoincident- 
Crossed-Notch  (NCN)  Array 
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Figures  14  and  15  show  plots  of  active  VSWR  at  0,  40,  and  60-degrec* 
scan  on  the  center  VP  and  HP  elements  as  measured  on  the  automatic  network 
analyzer.  Over  the  <.5  to  9.25-CHz  band,  passive  VSWR  is  under  2.73:1  for  both 
polarizations  and  all  frequencies,  and  active  VSWR  on  the  VP  element  is  under 
3.7:1  out  to  40  degrees  and  under  5.25:1  out  to  60  degrees.  The  active  match  on 
the  HP  element  is  under  3.35:1  out  to  60  degrees. 

Selected  embedded  element  patterns  over  the  4.5  to  9.0-GHz  band  are 
shown  in  Figures  16  and  17,  respectively,  for  the  center  HP  and  VP  elements. 

Pattern  measurements  were  made  to  test  the  polarization  isolation 
of  the  VP  element  to  HP  incident  radiation,  and  vice  versa.  Figures  18  and  19 
give  some  representative  measurements.  The  VP  isolation  of  the  HP  element 
(Figure  18)  is  20  dll  minimum  broadside,  and  degrades  at  the  low  frequencies. 
Isolation  is  better  at  the  higher  frequencies.  HP  isolation  of  the  VP  element 
(Figure  19)  is  23  db  minimum  broadside,  and  again  degrades  at  Lite  lower  frequen¬ 
cies.  Isolation  improves  at  the  higher  frequencies  for  the  VP  element,  also. 
Tills  poor  isolation  at  i he  low  frequencies  stems  in  part  from  the  asymmetry  of 
the  NCN  array. 
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Figure  14.  Active  VSUK  of  Vertically  Polarized 
NCH  Array  Element  (Sheet  2  of  3) 
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CO  I  NCI  DENT-CROSS  ED-NOTCIi  ARRAY  (CCN) 


The  CCN  geometry  requires  a  stripline  board  thickness  smaller  than 
the  notch  gap  at  its  feed  point,  in  order  that  the  vertical  and  horizontal 
elemenlK  might  remain  independent.  A  U  ,0(>U- i  licit  thick  sli ipliuc  III’  notch  .inn' 
with  a  0.090-inch  notch  Iced  gap  was  designed  and  lubricated  to  meet  litis  fe¬ 
ll  u  i  rente nt  . 


The  VP  elements  were  then  fabricated  and  configured  witli  the  IIP 
elements  as  depicted  in  Figure  20.  The  vertical  boards  contain  three  vertically 
polarized  elements,  only  one  of  which  is  actively  fed,  the  other  two  being  used 
for  impedance  matching  to  free  space.  The  vertical  and  horizontal  element  designs 
are  identical,  except  tlvat  the  stripline  feeds  are  offset  to  keep  the  feeds  from 
physically  intersecting  and  interfering  electrically.  Figure  21  is  a  picture  of 
the  completed  array. 

Embedded  element  patterns  and  gain  and  impedance  measurements  were 
taken  every  0.25  GHz  from  3.25  to  9.25  GHz .  It  can  be  concluded  that ,  except 

for  a  rise  in  the  active  impedance  at  around  L  GHz  for  both  the  VP  and  HP  elements 
array  performance  is  good  over  the  3.75  to  7.5  GHz  frequency  band.  All  the  follow 
i ng  statements  pertain  to  embedded  element  measurements  over  this  3.75  to  7.3  GHz 
frequency  band  on  the  center  VP  and  IIP  elements. 

Figures  22  through  23  show  passive  and  active  VSWK  as  measured  on  the 
automatic  network  analyzer.  The  VP  element  has  a  passive  VSWK  under  3.3:1,  and 
under  2:1  over  most  of  the  baud.  The  VP  element  active  VSWK  is  under  A. 3:  I  out 
to  W)  degrees,  except  tor  a  rise  to  7:1  lor  a  0-degree  scan  at  4  GHz,  and  a  rise 
to  (> : l  for  a  40-degree  scan  at  7.3  GHz.  The  rise  at  4  GHz  is  related  to  the  rise 
in  passive  VSWK.  The  HP  active  match  is  4.5:1  out  to  a  40-degree  scan  over  4.3 
to  7.5  GHz.  At  4.23  GHz,  VSWK  comes  up  to  l>.3,  and  at  7.3  GHz  there  is  a  rise  in 
VSWK  to  10:1  for  a  bt)-degreo  scan. 
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Figure  20.  Coincident  Vertical  K  lenient  Oeometry 

( 1 5-Kloment ,  Dual- Polarised  Notch  Array) 
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limbed  ded  element  patterns  of  Liu-  center  elements  arc  shown  in  Figure 
26  and  27.  Minimum  3  dB-boamwidths  over  tlic  band  arc  74  decrees  in  azimuth  and 
'll  decrees  in  elevation  lor  l  lie  111’  element,  anil  I  I  ’>  decrees  in  a,’,  i  unit  li  and  4'* 
decrees  in  e  I  rval  inn  lor  the  VI’  element. 

Figures  28  and  29  show  pattern  measurements  taken  to  test  the  potari 
zation  isolation  of  the  VP  element  to  IIP  incident  radiation,  and  vice  versa. 

The  VP  element  isolation  to  HP  radiation  is  >14  dB  over  a  +60  degree  scan  in 
azimuth,  while  HP  element  isolation  over  a  +60  degree  scan  is  >13  dB. 

Phase  measurements  comparing  the  VP  element  phase  center  to  the 
IIP  element  phase  center  were  taken,  and  are  shown  in  Fie, ure  10.  These  give  an 
indication  of  how  differences  between  locations  of  (he  VI’  and  IIP  e  1  ement ,  phase 
centers  would  affect  the  quality  of  polarized  radiation  which  could  be  generated 
over  the  frequency  band  and  azimuth  scan. 

The  graphs  should  be  compared  for  differences  between  the  VP  and  HP 
phase,  and  not  for  absolute  values,  which  were  adjusted  during  the  tests. 

The  phase  tests  were  conducted  in  the  following  manner.  The  array 
lace  was  positioned  as  accurately  as  possible  over  the  pedestal  center  of  rota¬ 
tion  (CK).  At  a  single  frequency,  a  phase  pattern  was  cut:  over  +  90  degrees  in 
azimuth  on  the  center  VP  element  with  a  VP  transmit  horn.  The  transmit  horn  was 
then  rotated  to  III’,  and  a  phase  pattern  cut  on  the  center  111’  element  on  the  same 
graph,  using  the  same  cable  between  tie  phase  receiver  and  the  antenna  element. 

The  phase  measurements  also  indicate  that,  over  a  +60  degree  scan, 
the  VP  and  HP  element  phase  centers  were  at  tile  array  face  (location  ol  the  OH). 
This  is  indicated  by  the  flatness  of  phase  over  the  scan. 
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ESTIMATED  GAIN 


2 .  b 


Actual  gain  tno.isurnaonl  s  of  the  present  NCN  and  CCN  arravs  would  be 
ot  Little  use,  due  to  t  lie  presence  of  only  three  vertical  elements.  Consequen  1  1 
such  data  are  not  presented. 

However,  estimated  directivity  of  the  NCN  and  CCN  elements  in  a  two- 
dimensional  array  environment  can  he  derived  from  a  comparison  between  pain  and 
patterns  of  the  HP  linear  array,  which  had  very  regular  patterns,  and  the  111’  and 
VI’  embedded-element  patterns  of  the  NCN  and  CCN  arrays. 

A  summary  ol  beninwidth  appears  in  Table  1.  Notice  th.it,  over  the  4 
to  8-Gllz  band,  the  combined  heamwidths  of  the  III'  linear  array  and  CCN  dual-polar 
ization  array  are  in  close  agreement.  Thus  one  would  expect  the  directivity  ol 
the  CCN  array  to  closely  agree  with  the  directivity  of  the  IIP  linear  element 
(Figure  L2).  Element  gain  may  be  less  in  spots,  doe  to  VSWR  mismatches. 

For  the  NCN  array,  the  VP  beamwidth  at  1 ,  b,  and  7  Clltz  is  substan¬ 
tially  less  than  the  elevation  beamwidth  of  the  HP  linear  array.  Consequently, 
one  would  expect  improved  gain  at  b,  b,  and  7  Cllz  by  about  4,  1.1,  and  1  dll, 
respectively.  However,  the  reduced  beamwidth  is  a  significant  problem  for  a 
wide-scan  array. 

2 . 7  PATTERN  NULLS  IN  CROSSED-NOTCIl  ANTENNAS 

The  printed-notch  element  has  thus  tar  been  found  unsuitable  tor 
multi-octave,  wide-angle  scanning  in  array  .ippl icat ions ,  because  ol  unexplained 
pattern  nulls  at  angles  smaller  than  those  computed  by  grating  lobe  criteria. 

A  model  for  a  possible  explanation  resulting,  t  I  ont  ext  itation  ot  a  surluce  wave 
follows.  The  ireqtiency  of  such  a  pattern  null  is  predicted  here,  but  the  .treug 
ol  the  coup  I  ill)’,  and  subsequent  depth  ot  the  null  are  not  considered. 
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The  c rossed-notch  array  over  .1  ground  pi. me  I  onus  a  corrugated ,  rear 
tive  structure  (Figure  11)  which  is  capable  of  support  in;’  a  gu  ided  surtace  w  ave. 
For  excitation  of  the  notch  elements  in  the  x— z  plane  (horizontal  elements),  the 
polarization  is  horizontal.  This  polarization  is  suitable  to  couple  to  a  'l'-’l 
surface  wave  propagating  in  the  x  direction.  The  governing  relation  for  the  sur 
face  wave  propagation  vector  in  the  x  direction,  kx,  is: 


kx2  =  kc)2  l  i  +  tan2  (k(>t )  ]  , 


wluM't*  k  -  — TT- 
o 

Xo 


tree-space  propagat ion 


vec tor. 


and  t =g round— p 1 ane  depth 
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TABI.K  1.  BbAMWIDTII  COHI’AK I  SON 


Frequency  (CHz) 
Azimuth  Beamwidth 


3 


HP  Array 
NCN  Array 
CCN  Array 

Klevation  Beamwidth 


lb() 
9  b 


111’  Array 
NCN  Array 
CCN  Array 
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LINEAR  CROSSED-NOTCH  ARRAY  GEOMETRY 


HORIZONTAL 

ELEMENTS 


7^ 

4 

7^ 

7~\ 

7^  1 

f  GROUND-PLANE  TOP  VIEW 

HE  IGHT  (t) 

1 

[LI  MEN  I 
SPACING 

VERTICAL 
yf  ELEMENTS 

V 

A 

TRONT  VIEW 

Figure  H  .  Linear  (Iroxsed-Noteh  Array  Geometry 


For  array  soanninj;  at  an  anj;le  0, 
Lu  Liu.'  surface  wave  will  add  in  phase  tor 


Lhe  coupliii;;  from  all  elements 


k 


x 


kn  sin  1  >  t- 


2  Tim 

d  ’ 


m 


Ell ,  1  , 


where  d 


e  l  erne  n  t  spar  i  up. . 


lvinp,  equal  inns  (2M)  and  (..!'))  tor  we  have: 


For  a  fixed  geometry  (t,  d  constant),  we  have  a  surface  resonance 


and  pattern  null  at  an  angle  0  for  k(),m  such  that: 


k0cos  (k0t ) 


kcd 


<  1 


(11  ) 


Equations  (30)  and  (31)  predict  nulls  which  are  synetrical  with  angle, 
and  which  move  with  frequency.  Equation  (31)  has  been  solved  for  the  design  para¬ 
meters  of  a  15-element  linear,  crossed-notch  array  currently  being  tested.  The 
frequencies  for  pattern  nulls  are  listed  in  Table  2.  There  are  no  solutions  for 
the  case  m  =  0.  The  lowest-order  (m  =  +1)  solutions  are  obtained  by  direct  solution 
of  equation  (31).  Higher  moding  ( I m | > 1 )  predictions  have  been  made,  taking  advan¬ 
tage  of  the  fact  that  the  solutions  converge  quickly  to  the  same  value.  We  may 
then  take  the  limit  m  =  °°  in  equation  (31),  and  note  that  the  frequency  poles  for 
L/k0cos(k0t)  are  the  desired  solutions. 


TABLE  2.  PREDICTED  FREQUENCIES  OF  PATTERN 
NULLS  FOR  HORIZONTAL  ELEMENTS* 


Ground  Plane 
Depth  t,  Inches 

1 

Frequency  for  Nulls  (GHz) 

Lowest-0rder(m  =  +l)Modes 

Higher-Order 

Modes  I 

1.4 

T" 

1 

1 

3.73,  L . 7 3  to  7.3 

6.3 

1.3 

1 

1 

I 

b.O  to  b.23,  7.2')  to  K.3 

b .  8 

1.2 

1 

1 

1 

b.3  to  h.73,  8.H  to  8.3 

7.4 

1  . 1 

1 

1 

I 

3.0 ,  7.0  to  7.3 

8.0 

1  .0 

1 

1 

I 

3.3,  7.3  to  H . 0 

3.0 

0.9 

1 

1 

I 

3.73,  7.73  to  8.3 

3.  1 

0.8 

1 

I 

1 

4.25,  8.0  to  8.3 

3.  7 

*  Element  spacing,  d  =  0.1)93  in.,  variable  ground  plane  depth  t,  over 
a  frequency  band  3.0  to  8.3  GHz. 
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MICROWAVE  CIRCUITS  FOR  At;  ILK  POLARIZATION 

3.1  INTRODUCTION 

The  3-D  dome  allows  wide-angle  scanning  over  regions  exceeding,  a 
hemisphere.  Feed  arrays  for  dome  appl i cat  ions  are  simplest  if  they  provide  a 
t  i  xeil ,  linear  pularizat  ion.  However,  lor  such  teed  arrays,  whether  I  lal  or 
curved,  L  lie  po  I  a  r  i  za  l  i  on  i  n<  i  den  l  on  the  dome  will  vary  w  I  I  h  azimuth  >li  rert  inn, 
resulting  in  scan-dependent  polarization  characteristics.  For  example,  a  linearly 
polarized  feed  array  consisting  of  dipole  elements  will  provide  vertical  polari¬ 
zation  for  the  plane  containing  the  dipole  axis,  and  horizontal  polarization  tor 
the  orthogonal  plane.  For  intermediate  azimuth  positions,  the  polarization  will 
stilL  he  linear,  but  rotating  from  vertical  to  horizontal  and  back  again,  as  azi¬ 
muth  angle  is  v, tried.  This  situation  may  he  circumvented  by  employing  circular 
polarization  in  the  feed  array,  but  this  solution  is  restrictive  and  suecesstul 
only  if  polarization  purity  is  maintained. 

In  general,  system  designs  employing  dome  antennas  require  some  spe¬ 
cific  polarization  over  the  operating  hemisphere.  In  addition,  modern  svstens 
are  increasingly  turning  to  polarization  agility  to  accomplish  their  goals.  Both 
situations  require  that  the  feed  array  be  capable  of  providing,  multiple  polariza¬ 
tions,  perhaps  with  high  switching  rates  between  the  various  polarization  states. 
I’ervisou  analyses  have  shown  that  the  dome  will  transmit  any  incident  polarization 
with  essentially  no  change.  The  burden  of  providing  polarization  agility  is  there 
fore  placed  on  the  feed  array. 


One  technique  for  generating  polarizations  employs  a  crossed,  linear- 
array  element  fed  with  some  appropriate  polarization  selection  circuit.  Many 
crossed  (dual)  linear  elements  may  be  employed  including  crossed  dipoles,  crossed 
slots,  square  or  circular  waveguide  etc.  Reference^*  describes  the  polarization 
characteristics  tor  such  dual  linear  elements,  using,  the  crossed  slot  as  an  example 

While  the  radiating  characteristics  of  the  element  are  important, 
the  characteristics  of  the  element  feed  network  are  equally  important  in  estab¬ 
lishing  overall  antenna  performance.  Many  types  of  polarization  selection  cir¬ 
cuits  are  possible,  the  choice  depending  on  the  number  of  polarizations  states 
desired,  the  amount  of  loss  which  may  be  tolerated,  and  the  speed  required  to  go 
from  state  to  state.  This  discussion  addresses  Lliree  specific  feed  array  polar¬ 
ization  requirements : 

1.  “Rotatable  linear  polarization,"  for  which  the  tilt  angle  nay 
be  "continuously"  varied  over  a  180-degree  range;  this  capa¬ 
bility  allows  the  polarization  external  to  the  dome  to  remain 
fixed  as  a  function  of  scan  (azimuth)  angle. 

2.  "Selectable  polarization,"  which  allows  the  feed  array  polar¬ 
ization  to  he  chosen  from  among  a  limited  number  of  fixed 
states;  aLL  of  these  circuits  provide  at  least  one  pair  of 
orthogonal  polarization  states,  and  the  selection  of  states 
can  be  made  In  a  random  manner. 

3.  "Completely  arbitrary  polarization,”  which  allows  the  selection 
of  any  polarization  state;  this  capability  requires  the  greatest 
complexity  in  the  polarization  selection  circuit. 


II  Moist,  D.U.  "Cross  Slot  I’o  1  a  r  i  za  t  i  on  Clia  r  t<  t  e  r  i  s  I  i  <  s  Over  Hem  sphere." 
Raytheon  memo  *12H2/l)WH/D/ 1  ,  t  Kch.  1'1/q. 
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The  fc>L Lowing  paragraphs  describe  the  relevant  circuits  and  some  ot 


their  operating  characteristics. 


ROTATABLE  LINEAR  POLARIZATION 


A  feed  circuit  to  provide  rotatable  linear  polarization  is  presented 
in  Figure  32.  This  circuit  is  basically  a  variable  power  divider  which  splits  the 
power  to  the  two  crossed  linear  elements  to  achieve  a  polarization  rotation.  This 
circuit  consists  of  two  3-dB  hybrids  and  a  multi-bit  phase  shifter.  A  signal  at 
the  input  of  the  network,  is  divided  between  the  crossed  linear  elements  in  a  ratio 
determined  by  the  value  of  the  phase  shifter.  The  ouput  signals  are  either  in 
phae  or  180  degrees  out  of  phase,  regardless  of  the  phase  shifter  setting.  This 
condition  is  necessary  to  maintain  a  linearly  polarized  signal  in  space. 


0°  -  180° 


90° 

HY8R  ID 


90“ 

HYBRID 


f  igure  i.' . 


Variable  Power-Divider  Circuit  to 
Provide  Rotatable  Linear  Polarization 


Tin*  polarization  rotation  obtained  depends  on  the  p,  r.mii  1  ar a  l  v  ol  t  lie 
multi-bit  phase  shifter.  There  is  a  2:1  relationship  between  the  bit  s  i /a'  and 
rotation.  It  takes  two  decrees  of  phase  shill  to  change  the  polarization  tilt 
angle  by  one  degree.  For  dome  operation  with  constant  linear  polarization  inde¬ 
pendent  of  azimuth  angle,  a  rotation  of  up  to  IHO  degrees  is  required. 

Analysis  of  the  circuit  of  Figure  32  provides  the  following  relations 
for  determining  the  polarization  tilt  angle,  where  p  is  the  phase  shifter  setting: 


Fy 

-  /  1  —  COS  <f> 

•'ll 

V  1  t  cos  •[, 

(  12) 

Tilt 

Angle  =  r  =  tan  *  /  Ky \ 

(33) 

\kII/ 

FV  = 

(cos  $  - l )  +  isin  P 

(34) 

l-di  = 

sin  ■{>  -  i ( cos  ■*>+!) 

(  J‘>) 

Results  obtained  from  these  expressions  are  presented  in  Table  i. 
The  consequences  ol  a  limited  number  of  hits  n  in  a  multi-hit  phase  shilter  ai> 
shown  below. 


TABU',  3.  ROTATABLE  1. 1  NEAR  UIAKACTLK  I  ST  ICS 
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Obviously  tin-  polarization  rotation  increment  becomes  finer  with  an 
increasing  number  ot  bits,  as  shown  by  the  Lhird  column.  The  last  two  columns 
refer  to  a  horizontally  polarized  incident  wave.  The  fourth  column  provides  the 
|Ey/E|||  ratio  as  given  by  equation  (32);  i.e.,  the  signal  response  in  tne  vertical 
element  relative  to  that  in  the  horizontal  element  for  incident  horizontal  polari¬ 
zation.  This  is  a  measure  of  isolation  as  a  function  of  the  number  of  bits 
employed . 

The  last  column  provides  the  polarization  loss  for  an  element  with 
the  indicated  polarization  tilt  angles  corresponding  to  the  horizontally  polarized 
incident  wave.  This  loss  must  be  added  to  the  insertion  loss  of  the  polarization 
circuit.  Note  that,  for  three  or  more  hits,  the  polarization  loss  is  small. 

It  should  be  mentioned  that  one  additional  phase  shifter  in  the  V  or 
II  output  arm  ot  Figure  32  is  required  in  order  to  obtain  any  specified  polariza¬ 
tion.  This  phase  shifter  must  be  capable  ot  providing  3<>0  degrees  of  phase  shift. 

3.3  SELECTABLE  POLARIZATION 

The  circuits  shown  in  Figure  33  through  33  which  are  capable  ot  pro¬ 
viding  a  number  of  fixed  polarization  states.  Two,  three,  four,  and  six-state 
circuits  are  indicated,  with  circuit  complexity  obviously  increasing  with  the 
number  of  states  provided.  Each  circuit  provides  at  least  one  pair  of  ortho¬ 
gonal  polarizations,  while  the  four  and  six-state  circuits  provide  two  and  three 
orthogonal  pairs,  respectively. 

Phase  shifters  used  in  these  circuits  are  single-bit  phase  shifters 
ot  the  value  indicated.  By  use  ot  diode  phase  shifters,  the  polarization  slate 
may  be  rapidly  changed  to  implement  system  requirement:;.  Required  phase  shit  let" 
settings  for  the  available  states  for  each  circuit  are  indicated  in  the  figures. 


(B)  SWITCHABLE  ORTHOGONAL  C IRCULAR , 
TWO-PORT  FEED 


1C)  SWITCHABLf  ORTHOGONAI  C  IRC UI.AR  , 
FOUR-PORT  FfrD 


P’ i fjiiri-  i  1 .  I'wo-S t  .1 1. <■  l’>>  1 .1  r  i  /  .i t  i ■  hi  Li  rcui  t  s 
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'A)  VARIABLE  PHASE  SHIFTER 


POLARIZATION  STATES 


(B)  FIXED-PHASE  SHIFTER 


Till'.-.  —St.il  » ‘  I’o  1  .i  r  i  /  .i  I  i  tin 
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F  i  u r t ■  54. 


POLARIZATION  STATES 


VERTICAL: 

HORIZONTAL: 

RHCP: 

LHCP: 


TA)  FOUR-STATE  CIRCUIT 


12  3  4  0° 

Z  180  ,1340 

1  4  90°,  2  3  0D 
1  3  90",  240° 


POLARIZATION 

VERTICAL: 

HORIZONTAL: 

RHCP: 

LHCP: 

DIAGONAL: 

DIAGONAL: 


SLATES 

1  2  3  4  5  6  0° 

4  -  180°,  1  2  “3  '  5  T6  "0° 

I  5  90°,  2  3  4  6  0' 

1  ■  6  90°  ,2  -3  4  5  -0° 

1  -90°.  2  -  3  -  4  "5  "6  0° 

2  90°,  4  180°,  1356  0° 


TPI  SIX-STATE  CIRCUIT 


Four-  and  Six-SLaLc  Po  lari  /.a  lion  Oiriuits 


To  obtain  an  estimate  of  the  insertion  loss  for  each  circuit,  three 
typical  octave  bands  were  considered.  Table  4  gives  an  estimate  of  losses  for 
the  individual  components  comprising  the  various  circuits;  i.e.,  hybrids,  phase 
shifters,  and  switches.  Losses  are  indicated  for  the  l  to  2,  4  to  8,  and  8  to 
16-GHz  octave  bands.  These  values  are  representative  of  the  state  of  the  art 
for  these  components  and  frequency  ranges.  Table  5  gives  an  estimate  of  the 
total  loss  to  be  expected  for  each  circuit  configuration.  The  indicated  loss 
figures  do  not  include  connecting  transmission  line  loss,  since  this  is  a  variable 
which  depends  on  specific  system  layout.  As  such,  the  loss  values  indicated  in 
Table  5  represent  best-case  values;  they  may  be  expected  to  increase  somewhat, 
depending  on  the  final  layout.  For  those  circuits  having  phase  shifters,  the 
loss  is  different  for  the  on  and  off  states.  In  these  instances,  the  appropriate 
value  of  loss  was  selected  for  each  polarization  state. 

It  should  be  noted  that,  due  to  the  various  combinations  of  on  and 
off  phase-shift  states,  there  generally  is  an  amplitude  imbalance  between  the  V 
and  H  arms  as  polarization  is  changed.  This  imbalance  derives  from  the  differen¬ 
tial  loss  in  the  two  paths  resulting  from  the  selected  phase-shifter  settings, 
and  ranges  between  0.2  and  1.0  dB.  As  a  result,  signal  cancellation  in  hybrid 
output  arms  is  not  complete,  since  amplitudes  are  not  equal.  This  leads  to  high- 
amplitude,  cross-polarized  components,  and  makes  it  impossible  to  achieve  high- 
purity  circular  polarization. 

The  speed  with  which  polarization  states  may  be  changed  depends  on 
the  speed  of  the  phase  shifters.  For  diode  phase  shifters,  in-house  studies 
indicate  switching  speeds  under  100  ns  and  power  handling  of  about  10  watts  CW 
per  circuit.  Switch  rates  of  the  order  of  1  MHz  and  greater  appear  reasonable. 
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TABLE  4.  TYPICAL  COMPONENT  LOSSES 


Component 


Frequency  Band 


1-2  GHz 

1 

4-8  GHz 

I  8-16  GHz 

i 90°  Hybrid 

1 

1 

1 

1 

0.25  dB 

T~ 

1 

I 

1 

0.4  dB 

1  1.2  dB 

1 180°  Hybrid 

1 

1 

l 

0.5  dB 

1 

1 

1 

0.6  dB 

1  1.3  dB 

|l  x  2  Switch 

1 

1 

1 

1.0  dB 

1 

1 

1 

1.5  dB 

1  2.2  dB 

1180°  Phase  Shifter 
|(off  state) 

1 

1 

1 

1 

0.75  dB 
(0.5  dB) 

1 

1 

1 

1 

1.0  dB 
(0.6  dB) 

1  1.4  dB 

I  (0.9  dB) 

1 90°  Phase  Shifter 

I ( o f f  state) 

1 

1 

1 

I 

0.8  dB 
(0.5  dB) 

1 

1 

1 

1 

1.1  dB 
(0.7  dB) 

1  1.5  dB 

I  (1.0  dB) 

1  45°  Phase  Shifter 
|(off  state) 

1 

1 

1 

1 

0.9  dB 
(0.6  dB) 

1 

t 

1 

1 

L.2  dB 
(0.8  dB) 

I  1.6  dB 

1  (1.1  dB) 

122-1/2°  Phase  Shifter 

1 ( of f  state) 

1 

1 

1 

| 

1.0  dB 
(0.6  dB) 

1 

1 

1 

1 

1.3  dB 
(0.9  dB) 

1  1.8  dB 

I  (1.2  dB) 

[ 3-d B  Power  Divider 

1 

1 

1 

0.3  dB 

1 

1 

1 

0.7  dB 

j  0.9  dB 

TABLE  5.  SUMMARY  OF  POLARIZATION  CIRCUIT  LOSSES 


Polarization 

Circuit 

I  Figure 

1  No. 

I  Polarization 

I  State 

~1 - 

I  1  -  2  GHz 

T 

Losses 

4-8 

(dB) 

GHz 

T 

8-16  GHz 

Two-State 

1 

1  33(A) 

1 

I  Vertical 

“I - 

I  1.0 

T 

1 

1.5 

T 

1 

2.2 

1 

I  Horizontal 

1  1.0 

I 

1.5 

1 

2.2 

1  33(B) 

1  RHCP 

I  1.25 

1 

1.9 

1 

3.4 

1 

1  LHCP 

1  1.25 

I 

1.0 

1 

3.4 

1  33(C) 

1  RHCP 

1  1.75 

1 

2.5 

1 

4.7 

1 

1  LHCP 

I  1.75 

1 

1 

| 

2.5 

1 

1 

4.7 

Three-State 

1  34(A) 

1 

I  RHCP 

i  i.i 

1 

1 

1.4 

1 

I 

2.6 

1 

1  LHCP 

1  0.75 

1 

l.l 

1 

2.2 

1 

I  Diagonal 

1  l.l 

1 

1.5 

1 

2.7 

1  34(B) 

I  RHCP 

1  0.6 

1 

1.4 

1 

1.8 

1 

I  LHCP 

j  0.6 

1 

1.4 

I 

1.8 

1 

1 

I  Diagonal 

1 

1  0.3 

I 

1 

1 

0.7 

1 

1 

0.9 

Four-State 

1  35 

1  Vertical 

1  1.5 

1 

1 

2.2 

1 

1 

4.4 

1 

1  Horizontal 

I  1.75 

1 

2.3 

1 

4.8 

1 

1  RHCP 

1  2.1 

1 

3.0 

1 

5.4 

1 

| 

1  LHCP 
| 

1  2.1 
i 

1 

1 

3.0 

1 

| 

5.4 

Five-State 

1  36 

1 

I  Vertical 

1 

1  2.0 

1 

1 

2.8 

1 

1 

5.3 

1 

1  Horizontal 

1  2.2  5 

1 

3.2 

1 

5.8 

1 

1  RHCP 

I  2.6 

1 

3.6 

I 

6.3 

1 

1  LHCP 

1  2.6 

1 

3.6 

1 

6.3 

1 

I  +45°  Slant 

1 

1 

1 

1 

1 

I  -45°  Slant 

1 

1 

1 

1 

1 

1 

1 

3.4 


COMPLETELY  ARBITRARY  POLARIZATION 


As  mentioned  previously,  arbitrary  polarization  may  be  obtained  using 
the  circuit  of  Figure  32  with  the  addition  of  a  360-degree  phase  shifter  In  either 
the  V  or  H  output  arm.  The  purity  of  all  polarization  states  Is  a  function  of  the 
amplitude  and  phase  balance  achieved  In  the  two  output  arms.  Studies  regarding 
the  necessary  balances  for  rotatable  linear  polarization  are  described  in  refer¬ 
ence*^.  Similar  conclusions  are  obtained  when  considering  arbitrary  polarization 
states  of  specified  purity. 

The  circuit  of  Figure  32  is  repeated  in  Figure  36(A),  with  the  addi¬ 
tional  360-degree  phase  shifter  on  one  output  arm.  This  circuit  may  be  configured 
Into  a  more  balanced  structure,  as  shown  in  Figure  36(B).  Phase  shifters  have 
been  placed  in  both  arms,  and  the  total  required  phase  shift  per  device  has  been 
reduced  by  one-half.  Amplitude  and  phase  tracking  between  output  arras  should  be 
much  Improved,  limited  only  by  the  tracking  of  the  individual  components.  Losses 
for  this  circuit  depend  on  the  number  of  bits  employed  in  each  phase  shifter,  and 
can  be  as  high  as  8  to  10  dB. 

3.5  CONCLUSIONS 


Microwave  circuits  may  be  configured  to  provide  diverse  polarizations 
from  array  antennas.  However,  circuit  complexity,  cost,  and  insertion  loss  in¬ 
crease  rapidly  with  the  number  of  polarization  states  to  be  provided.  It  is  most 
important  to  specify  polarization  requirements  carefully  to  minimize  impact  on 
overall  system  performance. 


12  Maybeil,  M.J.,  and  Miller,  M.D.  "A  Linearly  Polarized  Antenna  with  an 

Electronically  Agile  Polarization  Tilt  Angle."  Raytheon  ESI),  20  Mar.  1979. 


0°  -  180°  0°  -  360° 


(A)  CONFIGURATION  REQUIRING 
MINIMUM  COMPONENTS 


(8)  BALANCED  CONFIGURATION 


Figure  36.  Completely  Arbitrary  Polarization 
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SECTION  IV 
SUMMARY 

4.1  PROGRESS  MADE 

The  operational  requirements  of  the  3-D  dome  antenna  were  investi¬ 
gated  to  establish  the  polarization  performance  required  of  the  feed  array 
portion.  A  trade  study  was  conducted  to  Identify  potential  candidates  for 
octave-bandwidth,  dual-polarization  elements  and  the  accompanying  polarization 
sensing  and  agility  circuits  which  meet  the  required  performance. 

A  typical  crossed-slot  element  was  studied  to  determine  its  polari¬ 
zation  performance  over  hemispherical  coverage.  The  results  show  essentially 
circular  polarization  for  0  <  0  <  60  degrees  (less  than  6-dB  axial  ratio).  The 
crossed-notch  element  was  then  studied  to  determine  its  suitability  for  broad¬ 
band  performance.  It  was  found  that  predicted  pattern  nulls  would  exist  at  fre¬ 
quencies  spaced  greater  than  one  octave  apart.  Thus,  the  crossed-notch  design 
can  serve  as  an  octave-bandwidth  approach,  with  no  null  distortions.  The  crossed 
notch  element  was  selected  as  the  best  element  for  design,  fabrication,  and  test. 
Three  test  pieces  were  examined. 

1.  a  linear  array  of  crossed-notch  elements, 

2.  noncoinc ident-crossed-notch  (NCN)  array,  and 

3.  coincident-crossed-notch  (CCN)  array. 

Tests  on  these  three  pieces  indicate  that: 

1.  the  beamwidth  of  each  is  adequate  for  internal  illumination  of 
the  dome  surface  over  the  octave  bandwidth  (Table  l); 


- 


2.  VP  Co  HP  isolation  is  greater  than  20  dB  for  the  NCN 
design; 

3.  VSWR  is  smooth  enough  over  an  octave  bandwidth  to  provide 
adequate  uniformity  of  illumination  over  the  dome  (the 
variation  of  VSWR  with  scan  angle  and  frequency  is  a 
concern  which  should  be  addressed  to  widen  the  bandwidth); 
and 

4.  although  the  CCN  has  a  broader  beamwidth  In  one  polarization, 
the  NCN  is  favored  because  beamwldths  of  orthogonal  polari¬ 
zations  more  closely  aree,  making  the  element  more  Independent 
of  orientation  (if  the  current  deeper  dome  design  is  used, 

a  slightly  narrower  element  beamwidth  can  be  tolerated,  and 
the  NCN  design  can  offer  more  gain). 

Polarization  agility  circuits  were  examined  to  determine  the  most 
suitable  approach  for  the  chosen  element  feed.  As  could  be  expected,  granular¬ 
ity  in  polarization-setting  ability  can  be  traded  off  against  loss,  cost,  and 
complexity . 


4.2  CONCLUSIONS 


Use  of  a  deeper-than-hemispher ical  dome,  such  as  a  prolate  spheroid, 
reduces  the  scan-angle  requirement  of  the  feed  array  elements.  This  leads  to  two 
Improvements : 

1.  Feed  Array  VSWR  variation  over  an  octave  bandwidth  is 
greatly  reduced  for  scan  angles  less  than  40  degrees. 

2.  Dome  Illumination  is  less  sensitive  to  variations  in  element 
pattern  beyond  a  45-degree  scan  angle. 
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Although  computer-controlled  circuits  are  used  in  tlu*  agile  polari¬ 
sation  concept  describetl  in  this  re|H>rt  ,  the  complex!  ty  of  beam  steering  ami 
shaping  control,  multiplied  by  that  of  the  polarization  agility  control,  would 
represent  a  great  Increase  in  complexity  over  current,  simpler  phase-shifted 
array  controls.  It  is  believed  that  the  lens-fed  array  approach  is  simpler  and 
more  promising  than  the  totally  electronic  steering  approach  for  the  dome  feed, 
especially  for  wide-band  and  multiple-beam  applications. 

4 . 3  RECOMMENDATIONS 

Tin*  array  elements  exam i nod  were  proven  lo  be  adequate  for  octave 
bandwidth  performance.  ft  is  felt  that  other  elements,  such  as  the  quad-ridge 
guide,  should  be  examined  tor  use  in  order  to  avoid  the  pattern  uulLs  inherent 
in  the  crossed-notch  approach,  improve  VSWR  character istics ,  and  permit  wider- 
band  operation. 

Careful  thought  should  be  given  to  tradeoff  of  depolarization  losses 
associated  with  circularly  polarized  elements  in  linearly  polarized  radiation  com¬ 
pared  to  the  RF  losses  associated  with  the  circuit  necessary  for  agile  polariza¬ 
tion.  Hardware  development  of  agile  polarization  circuits  and/or  concepts  is 
necessary  to  establish  feasibility  and  performance  characteristics. 
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